degree of variability in ventricular refractoriness and factors potentially affecting this variability were evaluated in 80 patients undergoing an electrophysiological study. Each of seven variables fstimulation current, coupling interval ofthe basic drive train to spontaneous rhythm, pause between determinations, bipolar pacing configuration, bipolar vs unipolar pacing, atrioventricular synchrony, and autonomic tone] was evaluated in a group of ten patients to determine its effects on the reproducibility of refractoriness. Measurements were repeated ten times in every patient under each of two conditions. Five variables had significant effects on the reproducibility of measurements. Pacing at 10 mA was associated with less variability in the determination of ventricular refractoriness than pacing at twice threshold (within-subject variance component 4.5 vs 10.1 msec; P < 0.001). The mean difference between the longest and shortest determinations of refractory periods (range] was 6.2 msec at 10 mA and 8.6 msec at twice threshold. The use of a conditioning period of pacing and continuous trains (eight beats with a 3-sec pause] rather than a variable pause between serial trials reduced the mean within-subject variance component from 16.5 to 3.3 (P < 0.001] and the mean range of refractory period determinations from 10.8 to 4.8. The use ofthe distal rather than the proximal pole as the cathode decreased the mean withinsubject variance component from 9.4 to 3.3 (P < 0.001] and the range of determinations from 6.4 to 5.8 msec. Unipolar pacing was associated with less variability than bipolar pacing (mean within-subject variance component 4.6 vs 6.4; P < 0.05, mean range 5.0 vs 7.6 msec]. In patients with ventriculoatrial dissociation, atrioventricular simultaneous pacing during the basic drive train decreased the withinsubject variance component from 21.2 to 5.7 (P < 0.001] and the mean range of refractory periods from 12.2 to 6.8 msec (P < 0.05]. In an eighth group of patients, the significant variables were set to create either the greatest or least variability in refractoriness in order to determine the effects of controlling these factors. Bipolar pacing was used in this group of patients. The within-subject variance component decreased from 31.7 to 3.5 (P < 0.01] and the mean range of refractory period determinations decreased from 15.8 to 4.4 msec (P < 0.01] when the variables found to affect the reproducibility of refractoriness were set in a fashion to decrease variability. In conclusion:
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Methods

Study Design
This study was designed to determine the effects of the seven variables shown in Table I on the reproducibility of measurements of the right ventricular effective refractory period (VERP). These variables were felt to represent factors that might possibly affect the measurement of ventricular refractoriness and that could be controlled. Each variable had two conditions (1 and 2). The effects of individual variables were tested by fixing six of the seven variables in condition 1 and performing ten consecutive measurements of refractoriness with the variable being examined in condition 1 and condition 2. For example, to test autonomic effects, all other variables were set in condition 1 and refractoriness was determined ten times before and ten times after the administration of atropine and propranolol. Seven groups of patients were studied so that each variable could be tested individually. In addition, after the effects of the tested variables on the variability in ventricular refractoriness were determined, measurements of refractoriness were repeated ten times in an eighth group of patients with all the variables set in the condition in which there was the least reproducibility and compared to the condition in which there was greatest reproducibility.
Patient Population
Eighty patients undergoing a clinically-indicated electrophysiological test were the subjects of this study. Patients were off all antiarrhythmic medications for at least five half-lives at the time of the electrophysiological test. Patients who had arrhythmias induced with a single ventricular extrastimulus, who were in atrial fibrillation, or who had sinus tachycardia with rates faster than 110 beats/min were excluded from the study. A selection criterion for the groups in which the effect of the atrioventricular (AV] relationship was tested (group 6 and 8] was the presence of ventriculoatrial (VA] dissociation during ventricular pacing at a cycle length of 500 msec. Patients with a contraindication to intravenous propranolol or atropine were excluded from the group of patients undergoing autonomic blockade (group 7] . There were 60 men and 20 women. The mean age of the patients was 53.8 ± 15.9 years. Forty of the 80 patients (50%] had underlying heart disease. Patient characteristics and indications for electrophysiological testing are shown in Table II . There were no significant differences in the presence of heart disease, the sinus cycle length or ejection fraction (available in 41 of 80 patients] between the groups.
Determination of Refractoriness
Electrophysiological studies were performed in the fasting, unsedated state, after informed consent was obtained. The research protocol conformed with the principles in the declaration of Helsinki. Two or three quadripolar catheters were advanced from the femoral vein under fluoroscopic guidance and positioned in the heart. Catheters were positioned as required for the clinical electrophysiological test. For the purposes of this protocol, a catheter in the high right atrium was used to pace the atria and a 6 French quadripolar catheter with a 1-cm interelectrode distance was used to determine ventricular refractoriness. All patients had a stable stimulation threshold of 1 mA or less. A Bloom DTU 210 stimulator (Bloom Associates Ltd., Reading, PA, USA) was used for pacing and data were recorded on a Siemens 7 Mingograf recording system (Siemens, Elema, Solna, Sweden). The pacing stimuli were 2 msec in duration.
The basic drive cycle length was 500 msec and determinations were made with trains of 8 beats, a single extrastimulus, and a 3-second intertrain pause. Refractoriness was initially determined by decreasing the coupling interval of the extrastimulus (S2) by 10-msec steps, beginning at 290 msec, until S2 failed to capture. The coupling interval was increased by 10 msec and then decreased in 2-msec steps until S2 failed to capture. The VERP was defined as this S1-S2 coupling interval.
Testing of Variables
Eight groups of ten patients each were studied. In groups 1-7, one of the variables in Table I was tested in condition 1 and condition 2. Refractoriness was measured ten times in each condition. Conditions were tested sequentially with ten determinations made under one condition and ten under the second condition. In each group of ten patients except group 7, condition 1 was tested first in five of the patients and condition 2 was tested first in the other five patients. After the variables that had a significant effect on the variability of refractoriness were determined in groups 1-7, ten additional patients (group 8) had ten determinations of refractoriness made under two conditions: all variables set to produce maximal variability (condition 1) and all variables set to decrease variability (condition 2). This allowed a determination of the magnitude of variability produced by all the variables.
Variable 1: The diastolic threshold was determined with an accuracy of 0. 1 mA at a pacing cycle length of 500 msec. A current strength of twice diastolic threshold was used as condition 1 and 10 mA as condition 2.
Variable 2: Under condition 1, the first beat of each basic drive train was coupled to the last spontaneous beat at a fixed interval of 500 msec. This insured that all 8 beats of the basic drive train captured the ventricle. In condition 2, there was no synchronization of the basic drive train to spontaneous beats. Thus, a variable number of basic train beats may have failed to capture.
Variable 3: In condition 1, patients were paced for 1 minute with 8-beat basic drive trains and 3-second intertrain pauses before the start of refractoriness determinations. After refractoriness was reached, the coupling interval was increased by 10 msec from VERP and another trial performed. There was no interruption in the sequence of 8-beat trains separated by 3-second pauses. In condition 2, pacing was stopped for at least 1 minute between determinations of refractoriness. Determinations of refractoriness were started alternately at S1-S2 coupling intervals of 10 or 40 msec longer than the previous VERP. This created a variable number of Si trains before refractoriness was reached.
Variable 4: Bipolar pacing with the anode as the distal pole was used as condition 1. Unipolar cathodal pacing was used in condition 2.
Variable 5: All trials were performed with bipolar pacing using the two distal poles of the cath-eter. In the condition 1, the anode was used as the distal pole; whereas, in condition 2 the cathode was the distal pole.
Variable 6: All patients in this group had VA dissociation during basic drive. The atria and ventricles were paced simultaneously in condition 1 and atrial activation was not controlled in condition 2.
Variable 7: Determinations were made before (condition 1) and after (condition 2) the administration of intravenous propranolol (0.2 mg/kg at 1-2 mg/min) and atropine (0.04 mg/kg at 1 mg/ min]. The mean propranolol dose was 14.4 ± 1.6 mg and the mean atropine dose was 2.9 ± 0.4 mg. These doses of propranolol and atropine have been shown to inhibit the effects of the beta adrenergic and parasympathetic stimulation on refractoriness.'''D
ata Analysis
All data are expressed as mean ± standard deviation. Mean values for ventricular refractoriness under each condition were calculated based on 100 determinations (ten in each patient). Differences in absolute values of refractoriness for each set of trials were determined using a repeated measures analysis of variance. For each group of patients, under each of the two conditions, a mixed model analysis of variance was run to determine the between-subject and within-subject variance components. The square root of the within-subject variance component divided by the square root of the sample size equals one standard deviation of the mean. The within-subject variance component was used as an index for the variability of refractoriness.^° This within-subject variance component was then compared between the two conditions within a trial using Snedecor's F-test.^° The range in determination of refractoriness was defined as the difference between the longest and shortest value of the ten determinations in each patient under each condition. Thus, this difference was calculated for each variable under each condition and compared using a paired t-test. However, the primary method used to decide whether a variable had an effect on the reproducibility of VERP was the within-subject variance component.
Results
Thresholds and Magnitude of VERP
The mean and standard deviation of the VERP determinations for each of the seven groups under the two conditions are shown in Table III . Of the seven variables tested, only the strength of the stimulation current (twice diastolic vs 10 mA) significantly affected the magnitude of ventricular refractoriness. At twice diastolic threshold, the mean VERP was 247.3 ± 12.9 msec versus 219.8 ± 15.6 msec at 10 mA (P < 0.01). There was a trend for unipolar pacing to yield a shorter VERP than bipolar pacing (group 4), but this difference did not reach significance (P = 0.06).
Differences in pacing threshold were observed when comparing bipolar to unipolar pacing and when comparing bipolar configurations (distal anode vs distal cathode). The mean bipolar pacing threshold was 0.5 ± .2 mA versus 0.9 ± 0.2 mA for unipolar pacing (P < 0.001; group 4). The mean pacing threshold was 0.6 ± 0.2 mA for bipolar pacing with a distal cathode versus 0.4 ± 0.1 for bipolar pacing with a distal anode (P < 0.01; group 5).
Variables Affecting the Reproducibility of Refractoriness
Five variables significantly affected the reproducibility of measurements of ventricular refractoriness. Table IV shows the mean within-subject variance component for each variable under each condition. Pacing at twice threshold (group 1), the use of a variable pause before beginning the next series of drive trains (group 3), bipolar pacing (group 4), the use of the distal pole as the anode during bipolar pacing (group 5), and VA dissociation during the basic drive trains (group 6) all created a greater degree of variability in serial determinations of VERP than the other corresponding condition (Table I ). There was no interaction be- tween the presence of heart disease and variability in the determination of refractoriness. Pacing at 10 mA was associated with less variability in the measurement of refractoriness than pacing at twice threshold. When all other variables were held constant, the within-subject variance component was 10.1 for pacing at twice threshold and 4.5 when pacing at 10 mA (P < 0.001). Differences between the longest and shortest measurements of VERP are shown in Table V . The mean range of refractory periods was 8.6 msec at twice threshold and 6.2 msec at 10 mA, but the difference in range of VERP determinations did not reach significance.
With all other variables held constant, the within-subject variance component in the measurement of VERP for continuous pacing between determinations was 3.3 versus 16.5 (P < 0.001) for determinations with a variable pause (group 3, Table IV ). When continuous pacing was used, there was a mean range of 4.8 msec (Table V) . This range increased to 10.8 msec when a pause was used between determinations; however, this difference did not reach significance.
Unipolar pacing was associated with a lower within-subject variance component (4.4) than bipolar pacing (6.3; P < 0.05; Table IV ). The mean range of refractory periods was 6.4 msec for bipolar pacing and 5.8 msec for unipolar pacing (Table V) .
During bipolar pacing, use of the distal pole as the cathode was associated with less variability (mean within-subject variance component 5.7) than using the distal pole as the cathode mean variance component (21.2; P < 0.001; Table IV ). The mean range of VERP determinations was also smaller using distal cathodal pacing (Table V) , but this difference did not reach significance.
Comparing the within-subject variance component in the presence and absence of AV synchrony (group 6) demonstrated a greater variability when the AV relationship was not controlled (Table IV) . The presence of AV synchrony decreased the range of refractory periods from a mean of 12.2 to 6.8 msec (P < 0.05; Table V) .
Maximum Variability in Refractoriness
To determine the maximum variability in the determination of the VERP, the variables that were shown to affect the reproducibility of the VERP were set in a fashion to maximize this variability (pause between trials, AV asynchrony, stimulus intensity of twice diastolic threshold, and bipolar pacing with the anode as the distal pole). It was not possible to evaluate unipolar pacing and the bipolar configuration in the same trial and thus, bipolar pacing was chosen to reflect conventional techniques. Variables were set to maximize variability in condition 1 and to minimize variability in condition 2. Thus, condition 1 consisted of bipolar distal anodal pacing at twice threshold without atrial pacing and with a variable pause between trials. Controlling these variables in condition 2 with atrial pacing at 10 mA, bipolar distal cathodal pacing and continuous pacing between trials decreased the within-subject component of variance from 31.7 to 3.5 (P < 0.001) and the mean range of refractory periods from 15.8 to 4.4 msec (P < 0.01).
Discussion
Seven variables were examined to determine if they affect the reproducibility of VERP determinations. Pacing at 10 mA, the presence of AV synchrony during basic drive trains, continuous pacing between determinations, unipolar pacing, and the use of the cathode as the distal pole in bipolar pacing were found to decrease variability in serial determinations of refractoriness. When these variables were set in a fashion to maximize variability (group 8), up to a 40-msec difference between the shortest and longest values (mean 15.8 msec) was found on serial determinations of refractoriness. Controlling these variables decreased the within-subject component of variance by approximately 90% and the range of refractory periods by 72%, indicating that the factors that are responsible for most of the variability in determination of ventricular refractoriness by the catheter technique were identified in this study.
AV Synchrony During Basic Drive Trains
Hemodynamic factors are known to affect ventricular refractoriness.**•" This phenomenon, referred to as contraction-excitation feedback, may operate in resting and actively contracting muscle.""" Several clinical studies have recently confirmed the presence of contraction-excitation feedback in patients undergoing pulmonary valvuloplasty and in patients after cardiopulmonary bypass.^"""^^ Since the timing of atrial systole can affect ventricular size,^"^'^^ it might be expected to alter ventricular refractoriness. We have recently shown that ventricular refractoriness is shorter when measured during AV simultaneous pacing than when measured during pacing at an AV interval of 0 msec.^" Since differing paced AV relationships alter refractoriness, we found that variability in VERP determination was increased when the timing of atrial systole was not controlled.
Continuous Pacing
The adaptation of ventricular refractoriness to a change in rate is a complex phenomenon that has been extensively studied.^^~^^ As heart rate increases, action potential duration and ventricular refractoriness shorten in a time-dependent fashion. Although some shortening occurs within the first few beats, steady state changes may take up to several minutes to develop.^^ In routine clinical and some experimental electrophysiological studies, 8-beat trains are separated by a pause, but it has not been clear if the pause is of adequate length to restore refractoriness to steady-state conditions at the longer prepacing cycle length. It is likely that as the number of trains is increased, a gradual decrease in refractoriness is manifest. Thus the number of 8-beat trains prior to reaching refractoriness may affect its determination. We compared the variability in refractoriness after a large number of trains (1 min of conditioning and continuous pacing between trials) to that in which the number of trains prior to reaching refractoriness varied and found that the continuous pacing method was subject to far less variability.
Bipolar Polarity
When the distal pacing electrode was the cathode, less variability in the measurement of ventricular refractoriness was noted. Several possible explanations exist for this difference. It has been shown in a previous study that the anode as well as the cathode may contribute to ventricular excitation during pacing.^^ However, the extent of each pole's contribution in individual cases is unknown and may depend on a variety of factors including contact of the proximal pole with the myocardium. If the cathodal contribution to pacing is routinely larger and its position is varying because it is not in direct contact with the myocardium, then a greater variability in refractoriness might be noted. Another possibility is that an early diastolic dip in the strength-interval excitability relationship has been noted during anodal and less frequently bipolar stimulation in experimental and clinical studies.^*'^^ If this dip is present, small changes in the location of the dip may increase the variability in refractoriness determined at twice threshold. Since the dip is a phenomenon of anodal rather than cathodal pacing.
it may be present more frequently during bipolar pacing with a distal anode.
Coupling of Basic Drive Trains to Spontaneous Rhythm
The number of beats in a drive train will affect the value of ventricular refractoriness because of the gradual adaptation of refractoriness to changes in cycle length, as noted above.^^ Failure to couple the first beat of a drive train to spontaneous beats may result in lack of capture of the first beats of the train, in effect shortening the length of the train and thereby affecting refractoriness. We thus evaluated whether altering train coupling from a fixed to variable amount would affect reproducibility measurements. A trend towards greater reproducibility when the first beat of the train was fixed coupled was noted but it did not reach statistical significance, perhaps because the differences in the effective train length were minimal.
Stimulation Current
The relationship between pacing current and refractoriness is described by a curvilinear relationship referred to as the strength-interval curve.'^•^'* Refractoriness decreases with increasing current until a plateau is reached. A stimulus intensity of twice diastolic threshold is generally on the ascending portion of the strength-interval curve whereas 10 mA stimulation is on the plateau. If slight variations in the shape of the strength-interval curve occur this might alter refractoriness at twice threshold far more than at 10 mA. Refractoriness determined at 10 mA was in fact subject to less variability, suggesting that such small changes in the shape or position of the strength-interval curve may occur. In addition, microdislodgment of the electrode catheter would be expected to have less impact at a current strength of 10 mA than at twice threshold.
Unipolar Versus Bipolar Stimulation
Although bipolar stimulation (positive and negative poles as the distal catheter poles] has been most commonly used in electrophysiological studies, a comparison has shown that unipolar pacing is equally effective in inducing arrhythmias.^^ Unipolar stimulation should be less subject to proximal pole motion and thus could po-tentially provide a less variable refractory period. A small difference in the variability of unipolar and bipolar refractory periods was found, suggesting that proximal pole motion may affect the variability in refractory period measurements.
Autonomic Blockade
Variations in autonomic tone may affect refractoriness.^'''^ Beta adrenergic stimulation shortens action potential duration and refractoriness.^^'^^ Vagal stimulation has been shown experimentally and clinically to lengthen ventricular refractoriness and alpha stimulation produces a small lengthening as well/'^ We found no effect of autonomic blockade on ventricular refractoriness suggesting that any spontaneous short-term variations in autonomic tone are too small to affect refractoriness.
Other Factors
Approximately 90% of the variability in repeated measures of refractoriness found in this study (as defined by the within-subject variance component) can be attributed to the factors we have identified.
Measurements performed in group 8 patients and condition 1 represent the maximum degree of variability present, whereas those in group 8 and condition 2 (bipolar distal cathodal pacing at 10 mA, atriai pacing, and continuous pacing between trials] represent the minimum variability. Controlling these factors decreased the within-subject component of variance from 31.7 to 3.5 and the mean difference between shortest and longest determination from 15.8 to 4.4 msec. Microdisplacement of the catheter tip is an unquantifiable possible cause for some of the small remaining variability. Natural biological variability or other unknown factors may be responsible for some of tbe small variability as well.
Limitations
Alpha adrenergic antagonists have been found to have small but measurable effects on ventricular refractoriness. Because of the constraints of a clinical study, alpha blockade was not administered as part of the autonomic blockade protocol and thus variability in refractoriness secondary to changing alpha adrenergic tone cannot be excluded with certainty. However, the magnitude of the effect of the alpha adrenergic system on ventricular refractoriness is small compared to that of the other components of the autonomic nervous system/ Another limitation is that determination of ventricular refractoriness using an incremental method was not compared to the decremental method in this study. It is possible that by eliminating the conditioning effect of the capture of extrastimuli that occurs during the decremental method, the variability in determination of refractoriness may decrease. However, since one of the variables evaluated in this study was a conditioning period of more than 1 minute and because any conditioning effect of the capture of a premature stimulus should be constant during serial determinations of refractoriness, it is not likely that incremental and decremental methods would yield differences in the variability in the determination of refractoriness.
Implications
The determination of ventricular refractoriness has been used to guide coupling intervals during programmed stimulation, to define drug effects, to examine the pathophysiology of arrhythmias, and to predict drug efficacy.^°"^^ Using a conventional protocol that includes stimulation at twice threshold and that does not include AV simultaneous pacing, a conditioning period, or continuous drive trains, a mean difference of 10-15 msec was found on repeated determinations of ventricular refractory periods. Controlling these factors using AV simultaneous pacing, a stimulus intensity of 10 mA, bipolar catbodal pacing, a 3-minute conditioning period (of an 8-beat train followed by a pause), and continuous drive trains will decrease the mean difference to < 5 msec and improve reliability of refractory period measurements.
